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FOREWORD

This report describes in detail ali work performed under Contract
NObs-86538 for the United States Navy Bureau of Ships. The work
was pursuant to fabrication technique development for thermoelectric
power generation modules employing a design concept wherein the
thermoelectric semiconductor elements were placed "in-line.t "
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1. INTRODUCTION

One of the important missions that has emerged for thermoelectricity
has been as the energy conversion method for fossil fuel heat in
front-line or "back-pack" pcwer sources. Fundamental requirements
for such power sources are reliability, light weight and efficiency.
Efficiency and weight are, of course, interrelated because high
efficiency means lower fuel weight for a given mission and because
efficiency usually decreases as thermoelectric generator weight
decreases.

The in-line module concept is being developed as a means of assem-
bling thermoelectric semiconductor elements in a manner providing
increased efficiency and reliability and decreased weight, compared
to conventional v configurations, for these front-line applications.
The v configuration is schematically illustrated in Figui - la while
the in-line concept is shown schematically in Figure lb.

The important advantages of the in-line concept can be listed as
follows:

1. Weight and Dower penalties, associated with the
"straps" conventionally used to inter-connect
thermoelements, are virtually eliminated.

2. Weight and thermal penalties, associatea with the
springs and related components required to maintain
compressive loading on individual thermoelements,
are virtually eliminated.

3. TemperaLure gradients across the cold junction elec-
trical insulation, required for the r design, are
eliminated in the in-line concept.

Lt. It is ideally suited to convective cold junction
heat transfer which is required for light weight
front-line applications.

5. Generator assembly is simplified and attendant
reliability advantages are thus obtained.

The first half of the program was devoted to a development effort tL
enhance or refine the technology required to fabricate in-ine

thermoelectric modules. The results of this program can be sum-
marized as follows:

1. Positive and negative polarity ther-moelemernts of demon-
strated stability and acceptable efficienc\ are avail-
able.
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2. A heat transfer analog test demonstrated that 65-70 per-
Cert of the heat input to an in-line module is available
for conversion to electricity.

3. A design concept was evolved which allows an air-free
envirorment to be mairntained around the thermoelements
without conpromising all the advantages of the in-line
module concept.

The Lecond half ci the program was devoted to applying these results
to the design, fabrication and testing of in-line thermoelectric
convertors. In-line modules of various configurations containing
three or five couples were fabricated to test techniques of module
assembly. One of thcze five couple modules has been tested for 1800
hours and 300 thermal cycles with a 25% decrease in power output.

An experimental twenty thermocouple in-line convertor module was
fabricated and subjected to limited testing. It was then delivered
to the U. S. Navy Engineering Experiment Station at Annapolis,
Maryland f..or further evaluation. The twenty thermocouple modac:
weighad 1.4 pounds including mounting plate, cold junction heat
exchanger, and enclosure. When operated between 900*F and 330'F the
module produced 10.5 watts of power at 2.9 % efficiency.

The twenty thermocouple module showed a decrease in power output
dh.ring the limited test program imposed. Final diagnosis of the
cause of this decrease must await post tesL examination, but evi-
dence ncw available indicates that the negative thermoelements
suferec! a change in thermoelectric properties resulting in a
Secheck voltage decrease. The exact cause of this change is not
known although oxygen is the primary suspect at this time.
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2. DESCRIPTION OF THE IN-LINE CONCEFr

Thermoelectric convertor development effort, in general, has been
concentrated in the areas of improved materials properties as a
function of temperature and semiconductor to metal joining based on
the % configuration.* There have been ancillary efforts in the
areas of encapsulation, electrical insulation and stress reduction
The purpose of the effort reported herein has been to determine
whether significant improvements in specific weight and/or reli-
ability could be achieved by a fundamental variation in module con-figuration.

The module configuration originally selected for study is depicted
in Figure lb and designated in-line for obvious reasons. The in-
line module consists of a column of thermoelements, alternately N
and P semiconductors with cantilevered fin plates between them.
The fins are alternately located by 1800. The opposing columns of
fins constitute the hot and cold heat exchangers. Heating one set
of fins and cooling the other generates electrical current which
flows in a straight line through the column.

Early in the program it was determined that an air atmosphere would
be detrimental to thermoelement performance and that sealing of the
hot fins to prevent air from entering the thermoelement location
was a formidable techiical problem. A variation of tne in-line con-
figuration, schematically depicted in Figure 2, was therefore
selected for development. This variation -utilizes a sealed enclo-
sure within which a suitable atmosphere can be maintained.

Examination of the revised in-line concept discloses certain
advantages and, inevitably, certain disadvantages which are given
in Table I below.

TABLE I

Advantages and Disadvantages of an In-line Thermoelectric
Module Configuration Using a Sealed Enclosure

Advantages Dis advantages

1. Weight and power penalties, 1. Thermal and weight penalties
associated with the conductors are introduced due to the lengths
conventionally used to inter- of hot and cold fins inside the
connect thermoelements, are enclosure.

• See Pigure la
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Advantages Disadvantages

eliminated or reduced.

2. Weight and thermal penalties, 2. The extraneous losses through an
associated with the springs and in-line convertor are somewhat
related components required to larger than for a typical it module.
maintain compressive loading on A discussion of this is given in
individual thermoelements, are section 6 of this report.
virtually eliminated.

3. Temperatture gradients across 3. Because the finned cold junction
the cold junction electrical heat exchanger passes through the
insulation, required for the g wall of an enclosing structure,
design, are eliminated. Identi sealing to prevent oxidation is ýnore
cal considerations would apply difficult than in a n module.
to the hot junction insulation
if thermoelements were to becomE
available that would function
suitably in air.

4. Ideally suited to convective
cold junction heat transfer
which is conmnonly used for
front line or "back-pack" appli-
cations. Again, thermoelements
suitable for operation in air
or a solution to the hot fin
sealing problem would make the
in-line configuration equally
ideal for hot junction convec-
tive heat transfer.

5. Thermoelement length toler-
ances need not be maintainc.,
this leads to manufacturing
ease and cost reducti'- This
advantage was disclosed during
module fabrication and test.

6. Compliancy, needed to mini-
mize thermal stresses, can be
introduced into the in-line con-
cept with no thermal and mini-
mal weight penalties. An iden-
Lical degree Df compliancy in a
it module incurs appreciable
thermal, weight and electrical
penalties.
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Advantages Disadvantages

7. Since thermoelectric convertor
technulogy has not achieved 99+%
reliability, thermoelement fail-
ure cannot be unexpected. The
fact that the cold fins are both
accessible and part of the elec-
trical circuit enables a non-
operative thermoelement to be
short-circuited with great ease.
The advantage of this feature in
a device containing tens or
hundred of thermoelements in
series must not be minimized.

As part of this program a twenty thermocouple module was fabricated
and tested. A significant advantage of the in-line concept was dis-
closed by the experience gained in this hardware phase, i.e., the
ease of manufacturing and reject rate for in-line modules was
favorable as compared to g modules using identical thermoelements.
Manufacturing ease and low reject rate may have a bearing on sub-
sequent reliability, this has historically been the case in other
technologies. The reason for the manufacturing superiority of the
in-line configuration is thought to lie in the fact that thermo-
element length tolerance need not be maintained. The ease of intro-
ducing compliancy into the module may also have had a bearing on the
low reject rate.*

Compliancy is a subject needing additional discussion. The
Thermoelectric Division of General Instrument Corporation and other
laboratories working in this ficld have devoted considerable design
and experimental effort to develop methods ol introducing compli-
ancy into A modules. The compliancy is needed to prevent excessive
stress being applied to the thermoelements due to longitudinal
thermal expansion of the semiconductors and differential expansion
of hot and cold plates. This compliancy has introduced unwanted
thermal gradients, resistance increases, weight penalties and co.-
binations thereof. As will be discussed further in Section 6 of
this report it is a comparatively simple matter to introduce com-
pliancy into an in-line module with nu unwanted thermal gradients)

• Low reject rate is actually rn understatement. Of the 40 thermo-
couples made for the twenty thermocouple module, not one was
rejected in quality control.
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negligible weight increase, and minimal electrical resistance
increase.
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3. SEMICONDUCTOR THERMOELEMENT TO METAL CONTACTS

In recent years, intensive effort has been expended by many private
companies and government laboratories for the development of semi-
conductor thermoelectric materials having a high figure of merit, Z,

where Z -

0( = Seebeck coefficient, volts/'-

e = Electrical resistivity, ohm-cn,

k = Thermal conductivity, watts/cm- 0 C

More recently, however, it has been recognized that this figure-of-
merit definition is over simplified. Experience has shown that a
high value of Z, in the abstract, does not necessarily yield useful
devices. Properties such as strength, coefficient of expansion,
phase changes, diffusion rates, etc. can have as much, or more,
bearing on the utility, even the feasibility, of a material than
does its figure of merit. In order to truly evaluate the utility
of a material, it is necessary to examine it as a bonded structure,
composed of the thermoelectric element electrically and thermally
connected to metal contacts, thus generating a more useful defini-
tion of effective figure of merit, ZI

2

where Z 1= .
ekk (e + --y-)

ej = contact resistivity, ohm-cm-

1 = thermoelement length, cm

Examination of this relationship for Z7 imnediately discloses the
need for low values of junction reqistance, especially where weight
considerations dictate a low value of element length.

To date, two different basic approaches have been taken to the pro-
blem of making suitable contacts between thermoelementF and metal
conductors; pressure contacts and metallurgical bonding. Serious
defects have developed with each approach. Low values of contact
resistivity have not been achieved with pressure contacts, even
after many years oi intensive develop-ient effcrt. Rigid, metal-
lurgically bonded assemblies have dov,-loped stress-induced failures
when cycled in an oper-a3-7.. temperature gradient (1,2).*

* Numbers refer to references in Section 8.
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The following requirements have been established for a satisfactory
metallurgical thermoelement cont acting procedure:

a) low junction resistivity

b) no tendency to "dope" arld, therefore, degrade
the thermoelectric element

c) thermal stre±ss lev-is low enough to avoid
cracking thL thermoelectric elemcnt

d) stability with tine and thermal cycling

Contacting techniques satirfying these requirements have been pre-
viously developed by General Instrument Corporation for "N" type
lead telluride thermoelements. One of the goals of this program
was to develop a satisfactory bonding technique for "P" type
thermoelements. The following discussion, therefore, presents the
results of contacting technique development effort for "P" type
thermoelements.

3.1 Pressure Contacts-Capped Elements

In an attempt to satisfy the above requirements, using a
"P" element, a series of experiments hz :e been conducted
using a modified form of pressure contact as illustrated
schematically in Figure 3. Techniques have been developed
by the Tbprmoelectric Division of the General Instrument
Corporation for metallurgically bonding 0.002" thick iron,
acting as a diffusion barrier, to "P" type lead telluride.
These assemblies are stable when cycled in an operating
temperature gradient (1). Limited experimental evidence
was available at the start of this program indicating that
if this "cap" were to be plated with a precious metal and
then pressed against a precious metal that values of coptact
resistance resulted that were mairkedly lower and mote stable
than those obtainable from conventional pressure contacts.
A number of experiments* were then conducted in order to
determine:

a) most suitable preciotis metal

b) magnitude of pressus'e zequLired

c) contact resistivity

* The experiments and results theieot are described in detail in (3).
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d) stability with time and t.y(ling.

The first series of tests ,a,-, intcvdLd to deteimine contact
resistance as a function of pretssuve at Y-)om temperature and
it 8SO°F in a nitrogen atm.u-phere. I:,jn and stainless steel
--amples, electroplated with silv,.t', pJi;tinum, or rhodium,
were tested in various combinations. The i-inge of pressure
was 20-80 psi. The reults can be ,-zrwiarized as follows:

a) Iron base uwnjles exhibit .,vc.r contact resis-
tivity than stainless steel.

b) Contact resistance is relatively insensitive
to pressure at the 850'F temperature.

c) The silver plated to silver plated (iron base)
and the silver plated to platinum plated (iron
base) samples exhibited the lowest values of
contact resistivity, under 100 ,ac.m-2.

A second series of tests was then conducted to determine
the long time stability of contact resistaiice for a number
of samples, both iron and stainless steel bases, in both
air and a nitrogen atmosphere at a temperatuic of 850°F.
Various combinations of platinu~m, rhodium, and silver
platings were tested at a pressure of 50 psi. for up to
700 hours. The results oi this test can be summarized as
follows:

I. After 700 hours in -iir thrce -vstfniq exhibited con-
tact resistivitie.s of i.-, th0n 100 a%. cm-2 :
platinum plating versus platinuM plating, silver
plating versus platinrlm plit in', tand silver plating

versus silver plating-. all ,ii a•n ion Lie. Al.
other sampleQ 1,id -,-!cntt,,,' rt-.-i :t ivititc- greater than
1000 U-•- m-2. All .v,. t e ,-, ep t rhiodijum versus
rhodium on ii on and p1,,itin,.;,v r• sus ihod ium on stain-
less steel, slihoed ".rcizig' , "'ld wcding."

2. In the nitrogen at-no.sphcr, . ", ,.tier q)00 houLrs, three
systems again had lcmss t K in .i - contact
resistivity: si,,'ur plting v:.- platinum plating,
silver plating versus ilvi : L,,ti , i . siver
plating versus rhudiu. p] .t in ali !,n an iron base.
All samples sh,,wed t viJ%-inc, ,,' I ' ig' excep t
platinum on st•,i,-less .- tcl Io •- hium on iron and
platinum versus szil.vt r .-: s:tii n es - -te l.

These tests ae.u- .st iated tIL e -i 1 t , ,braining

'I ...
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pressure contacts with cccptable values of contact resis-
tivity (under 100 aýicr ) that i. r t-ible, in air or oxygen
free atmospheres, for long periods of time. The tendency
towards "seizing" or "cold welding" in a large number of
cases was noted with (f)ncern sin(e this would tend to
restrain the thermoelement from thLmimally expanding or con-
tracting freely during thermal cyuling. This free expan-
"sion is considered necessary tr pivent e(essive stress
levels from inducing cra(k-. in hfi thL.t.,hioel ement. It was,
however, considered pasiblc tLit 1r,• tquiied to
separate these seized interfaces night he sutfficiently
small to occur during thermal cycling so that a program of
actual thermoelement te-ting was initiaLed. The silver to
silver plate system .,as inve&r'i-.ite-d because of the low
values of contact resistivity obtoined.

A number of cyclic life tests were conducted in a nitrogen
atmosphere at a hot junction tempeiritu'e of 9%°E and a
cold junction temperatute of i00°F. The typical test
element configuration consisted of an iron cold junction
conductor, tin soldered to a "P" itad ýelluride thermo-
element, which is bonded to a thin iin or stainless steel
contact at the hot junction. This thin contact was silver
plated and spring pressure used to press the assembly
against an anvil. The anvil was either, -ilver plated iron,
pure silver or, in a few cases, stainless steel. The
stability of thermoel.ement rehist-aneL' rnd St ebeck coeftfi-
cient, during exposure to time at temperature coupled with
thermal cycling was olse\v',.J.

The conclusions ,cti' ,l : , tIih t-.- t i-ti tox t C1Tn be lis ted
as follows:

1. Capped elerphnt p-lsi:. t _-- ,it-h <ilver t(ý silver
interface a.hic 't' C',n t., t , -i.-tiviti, ± ,I _.& -'U cm-
c~iiiared to )00I t,ý 100ifu ' : Ilftirj

pressure Colltt'- •

2. "Seizing" or .',- iki •,s : I!. -it '.ir t -ilver
interface couses re,--istalce i1i, "It' ,. to t hermo-

IJement crar'k inz.

3. Per formance ' e tr t z a f r i ti - ' i II -, st pe r
100 hours 1'dH1O0t :iki t : i "i triý,i -vstvr.. an, con-
siderablv 77!..it . ve ,i..-j'rw ., ! z, , li to ,,ven
achieve this, er-, ' mmL I ,,. I 1. i t .1tiy.

4. Althou.h the- silvt i ,- i 'va tt ,i ,-di n 1 not pr',ve
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applicable to 'I." Lype Itoud t li totide li tL junction con-
tacts, it may lie I[ i-,sikloý dit. vin ý' ( tl her areas
of thermoelectric guner-,it.iA ,-~ i' ,i : :xmple, !he
technique is hei ug qdpjtd tNI! ( )Ild it)( t i n contacts in
a numiber of genera t oirs hcin.,4 Jovi. j1. qt~ , C (unerkil
Instrumient Corpora ti.-in.

3.2 Rigidly Bonded Thernmo-'teir1tnVts

From weight, ef~iicieinty;ac ~iri l~ tC.:Liit , ka,_idurations, a
rigidly bonded ther-moeleinent. is t. , , 1,1L nuli 1)11etfrred to any
sort of pressure co(:ntac t, providing thti 1)r, biem of stress
induced cracking can be overcome. Thle pro-blem has been
most serious with "P" type lead tel I'?.Uide materials because
of their poor strength chaiacttzrtLstics.

3.2.1 "P" Type Lead Te~luride

An. encouraging but p1llliir e~sult oil ci 1P'
type lead tejllu1iiUe ScAMpLe, diameter and
0.5" long, was re-pot ted inl the Lihst quarterly
progress report for t: 5 Pr-IrlamT(l) . In that report
it was stated that two- -AdditionaL smlswudb
subjected to .I-i-iere eipIteve\aluati on. The
results of. this evaliiaition ire .zivc., in Figures It

an '~ curves of 1.esist~in(te arnd Seebeck ofcin
variations with timr&* anld t _uma vc Lirig. Resis-
tance incredses weire oLivei, 1, ipproximat cly 2:
per 100 hIours 01 tt n hW~!probably
causeu bv therr'>i! ~ts- ri~Iw iosin the
ther"Mel1emnerit . Piis w~i-; -iI ptd 1!, post test
photographs iild t1eý ft i< 1 ~oL~aP0protiling
wherein hih ~ I.; ~mItindl nkear thi- '10t
junct-ion. lce i- '* ~. .4" alPh trI such a
test 0am )1_ eý 1,ie ,, h'd A Wbsve.

Although vhese res r ir* i >ii a t ohi as
hal-d been p reviktw,, -> I so r A "I" tyvpe lead
telluride o: a ?k.ho'1C:I thý7v ie resistalnce
increasus wei t, szir! ii. * I j : _ to nil I "-Iate
thaZJt thi v1 i \ 1 1 1J 7t .' a nt b
satis tact iv ý i I i ~ ~~io Tht ¶ "ei:.r
given ill (11) Thu ita o"c it k1!'4tk' , a n
diaryeteirt toen.t lt I I h.'s c t est td(
Would give rvtt ts '! !oi nouf.(n7deato as'
given to tetiu a:r.if lwovc'r. inl View
of- the p) 'r rL5ý :•' 1i*: c" iti 'ft- t'.ý slanj'es
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tested and t~h: [act that (!eroaeasing the diameter to
length ratio ot trn, hermel.e;,ts i(.in.s a serious
weight tpcenafl.q u (i( -(.i sr wdý t e di.on-
tinue evai.uatiorn of 1igid.yv : •r..JQd "P" type lead
telluride.

3.2.2 "P" Type Tir T.i.. li.d.-i- fe.,i -- l d'n•d Alloy

A limited ex,. crr , L rv 2,i-u_1: ,1 .if u igidly bonded
tin tellui-ide-lcad t( Li . elxments was conducted.
These elements, vcndu'r desiýnation "metallic rich,"
were purchased from the Minuiesota Mining and Manu.-
facturing Company. The vendor claimed that the
stability of these deements as a function of time is
superior to conventional "P" lead telluride. The
vendor supplied properties of these materials are
given in Table 1.

Two samples, bonded to iron contacts using tin as a
solder, were tested at a hot junction temperature of
300°F and a cold junction temperature of 150°F to
investigate the performance of this bonding
technique at the expected device cold junction
temperature. Both samples demonstrated a cata-
strophic reduction in Seebeck coefficient, over 50Po
decrease relative to theoretical for both samples.
It is hypothesized that this reduction is due to
adverse doping from either the tin solder or the
iron contacts.

A number of different brazes, Generalook,* tin
telluride, GeFe 2 -Ge eutectie, were evaluated for
bonding the thermoelements to iron shoes. Seebeck
coefficient degradation uct,•,ured in all cases. In
addition, a small number of sanples were prepared
by pressing vendor supplied tin telluride/lead
telluride powder into thermuelements. These elements
were co-prvssed to motal powders as contact materials.
Iron, tin telluride, and GeFe 2 -Ge eutectic were
evaluated as powders. A similar degradation in
Seebeck coeffioient ,.-,,urred. It is 6f interest to
note that iron and tin telluiwide du not cause a
Seebeck coefficient detrease with conventional "P"
type lead telluride.

* A proprietary General Instrunent Corporation solder; the
investigation of elements using thii solder was carried out
under another program
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The best result obtained was with a sample.2M0"
diameter by 5OO'? l-Irg, rI7,.v '.,., 1 .idP(d to iron
contacts. This ,,,mwle wrind ove),.' ,%X f its
initial performance( afurt.' 501) test hoLrs and 2010
thermal cycle-s, a,- sc.<:n ... , Fi .,: Unir±rt,'nat,-ly,
other samples did noi .onixuJ.. "escult.

The most striking result oI ,-his t'.:. j'rogi..M js
the fact that these rigidil,' bonided "P" type thermo-
elements were cycled in aTn ..ice-uational thermal
gradient without stress induced eracking and
resultant catastrophic resistance increases. After
an initial resistance decrease the resistance
remained remarkedly stable thereafter. This is a
result that has not been obtained with conventional
"P" type lead telluride. The absence of cracks in
the tested sample can be observed in Figure 8, a
photomicrograph of the sample discussed above.

Of course, the decrease in Seebece cceffient that
was found in all samples tested resulted in thormo-
elements of unsatisfactory powev' characteristics,
as power output is a function of Seebeck coefficient
squared. None of the soldering or co-prtasing
techniques tested were satisfactory relative to this
phenomena of Seebeck coefficient decrease.

The program described above was very limited in
scope and it is possible h;•t anc expanded evalua-
tion would yield a contaoting method that would not
result in Seebeck cnefficient degradation. This
method, ccupled with the demonstrated resistance
stability, would provide a positive polarity thermo-
element assembly of excelLent characteristics.*

3.2.3 Electronics and i,,,. - "' - ?'j;, Thc,.'moelenumnts

The experimental ,,ot-k reported in this section was
not performed under this program but was carefully
monitored fur possible alpfliczation t,, in-line mojule
development.

Thermoelenuntt s ,I p:.L.i t( ', - :,i t ' ' d luji-ieC con-
figuration have been dev'l-Oped b\ Gcncral Instrument

* A further discussin of the testing of "metallic ri'h" thermo-
elements is given in(3).
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TAB LL I

Tin Telluride/Lead TellJ/riat S..U'1 Stft. Sulutn

"Metalliu Ric'h" ,Desigr,,mati,,jj

Tenperature Seebeck Coefficient, Rcistivity, e Thermal Conductivity,k
OF v/0 C -4Lcn watts/cm0C

100 83 1090 .0230

200 103 1300 .0211

300 126 1520 .0173

400 153 1830 .•0149

500 176 2180 .0130

600 ] 194 2540 .0116

700 209 2950 .0108

800 223 3330 .0103

900 230 3760 .0108

1000 230 4110 .0124
13100 -. 02

• Data supplied by MIuines,)ta Mining •:;d M.:iua' turing Company
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in conjunction with the Elec-tronics .'nid Alloys
Company of Ridgefield P,,rk, N. J. These elements
have been performance and life tested at the
Thermoelectric Division of the General Instrument
Corporation. These the!iviK)eAnt,:nr.s are t-igidly
bonded to iron contacts and are ready for assembly
into a device. E].ement testing consisted of sub-
jecting the elements to an operating temp.erature
gradient, approximately 950"-350°F, and to thermal
cycling over prolonged time periods. Measurements
were made of electrical resistance and Seebec1
coefficient during the test. The tests were con-
ducted with the elements in a nitrogen atmosphere.
Test results for two typical samples are given in
Figures 9 and 10.

It can be seen that, after- a resistance increase
in the first 50-100 hours, the results show excel-
lent stability with respect to Seebeck coefficient
and resistance. We are aware of no other positive
polarity semiconductor thermoelement in this temp-
erature range having a stability and figurej of
merit comparable to these elements. The figure of
merit, Z, for this material has not been determined
with precision due to difficulty of obtaining accurate
thermal conductivity data for the elements. Measure-
ments that have been taken indicate that Z is approx-
imately 0.0007-0.00L/°C, which compares very favor-
ably with other materials in th-is temperature range.
This is especially true wl cn it is -onsidered that
the Z for these very shortt eieinmits includes the
effect of junction resistauiw:s.

3.3 Cold Junction Contacts

In the first quarterly progress 1rop ,rt lir this program(l) a
discussion was given relative t wrk bcing done tinder
another program at General InstruLiment Corporation on bonding
lead telluride for operation at cold junction temperatures.
A process has been developed which yields Low junction resis-
tances and satisfactory strength. A number of the samples
described in section 3.2.1 utilized this inroved cold
junction process and post test dnalysis disclosed no fail-
ure due •o cold side bonding. Jtim•.tion resistivities ot
30 44ucm are typical.

The process consists of clectrot loiting the lead tellur'ide
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thernioelement bonding surfuc-c with tin .irid u,-ýting the
iron contact with tin by theurci 1. rimisn. The tNo sur faces
are joinied by heating, in ani S-), nitvogli'n 1) . liydroý,Qi
atmosphere, to 1200*F for 1.5 ndinutc!.-.
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4. ENCAPSULATION

It was recognized at the beginning k. 1. t•is progi.am that sealing an
in-line module against air would be a difficult problem. The encap-
sulation of individual elements would ther'efor.c be most desirable.
An encapsulation- method which consists of a glass bonded synt) etic
mica sleeve closaly fitted to the clei-.ent and cement end seals was
tested during this program to determine the performance of encap-
sulated 'IN" and "P" lead telluride thernioelements in air at 1000°F.
The test was intended to investigate:

a) the ability of a specific encapsulation method to
prevent oxidation of the thermoelements

b) changes in thermoelectric pi.operties or/and element
geometry resulting from sublimation

c) performance of various cement end seals.

A total of forty-five test samples were prepared, illustrated in
Figure 11. Thirty samples were tested isothermally in air and
fifteen in an oxygen free atmosphere. All samples were thermally
cycled once every 24 hours. Three different end seal cements;
Allen PBX ;ccocoeram SM-25, and Saaereisen # I were evaluated.
The origii I test plan was to remove samples for checking at the
end of 100, 500, 1000 and 3000 test hour:s. The air test was: dis-
continped, as discu-sed below, after 100 hout-s due to severe
oxidation.

The test equipment used in this expeimUnt is shown in Figure 12.
Essentially it is a group of th0ee glass tubes with each tube
enclosed by its own ele(2t., ical heatUV. (:Cnnections are made to each
tube for atmosphere control and t`L1pM",'!'tAri'U measurement. The
samples. were mounted in stainleszs stc,- ( ai-le holders, shown in

-the foreground of Figure 12, fobi inswrtion int,; the tubes.

The original test plan called ci ?x:.,xindtion ,,t" two samples expols;ed
to air and of twý,o samples hiuot tlht air-Iree t ,st tube after 100 hours.
"The samples exposed to air for IM(1 hoturs sLowed a number of Uery
obvious affects; the glass Londed -•iei sll.•.•ves were of a hard, glassy
appearance and structure c.orrLaii.d iki thhitu ntiiat fibrous appear'ance;
the cement end seals shoWUd eVidcnltC uo crtckiiig :and the thernio-
elements showed signs of .WsVeCVer odltiuii With ehanges il su.
weight and color. Figure 1D shwzs thLu aL1 ,A-!Va•le: cI an exposed
sample compared to an u )xp,)scd ,untv,,1/ saiule. As a rcsult o'
these findings, all air atmrio-jF-e t,..sting oi this. encapsulation
configuration was discontinuted.
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Encapsulated samples exposed to an ritir,,-.r Atmosphere (it is pro-
bable that some oxygen was presont jr tfu:: nitrogen used) for 3000)
hours have been examined for changti. in wtight., eleotr'ical resis-
tance. The results are given in Table 4h-1 below. With the excep-
tion of cracking of the cement end :f. iot visual ehunges in the
sample appearance were noted.

TAB LE 4 -i1

Test Results of Eneaj,•sula ted Ti., rmotclepients

j in Nitrogen at 1000'F

-Element Sample Weight, Element Resistance
Sample Polar- Cement _gr-am.s I.. a.
Numfber ity Used Initial 3000 hours Initial 3000 holus

314 P Sauersisen 3.379 3.1-68 2150 2375
35 P 3".192 j.46 2425

36 P Eccoceram 3.561 3.344 sample
damaged

37 P 3. -78 3.3:32 2250

38 P 3. 35 _So37 2550

39 N PBX 3.682 3.063 1020 5600

40 N 3.71.6 3.701 3950

41 N PBX 3.701 3.08') 1020 2700

42 N Sauereisen 3. 713 i. (181 1020 2000

43 N 3. ,1 08 3. 72 1250

44 N Eucoei-,a.m 1. , J. 1225

45 N ".t•i2 1.t , h 1"25

It can be seen from Table 4-1 tlih t t"e ,.ii-, ,h~anges were negati\,e
in every case. This may indis irtu t-i.t s ,n,, I s-blimation took place.
These weight changes are vill t 1A,(21 in ' Lit cases and may be
measurement uncer'taiiity.

The resistance oi the "P" el]:m,. Is i,. ?. ., ii v 1W, tii is con-
sidered an excellent resiIt. AhiuL 'II1 ,Ii t'11e "N" lemt.ents increased
only 2CK, an accept-lible resutlt. Tl' IiaL;!'.e ,,I the "N" elements
increased to an unaccel, t~dhI.c v;i l•e I.r r'c:•sos I hat arI nt knLown.

ptabe %-~w .. r u*ý onsthatar t kown



There is no apparent ., ,l.- I in V ¾ 2J. t , ;lv of weight change
and magnitude of' resist-mr' ,-cn,.,. J -, 9, H indicate that the
encapsulation method to.itt.d, ,.'i I ¼, W. Ljui-2t, would provide
satisfactory thermoelement ,r'or>.•"i r in jn a&Lmnuphere that was
nominally oxygen frue bAt h-i1 t 1iit-i-,d ,L,, irjunts of oxygen.

A small number of ba:Le therm.el.r~tr •:•- t:.r;o±d to a 1000°F temp-
erature in a nitrogen atmosphur.e for :.200 t2rs. The test results
are clouded because air was inad-i:rt otiy' .drmitted to the sample
environment on one occa:.ion. A yo.l. ,w di:- oIovz.tion was rioted upon
post-test visual examination. It was also noted that sections of
the "P" elements had chipped away. The tex;t results are given in
Table 4-2.

TABLE [4 -

Test Results of Bare Ther.roe].emtn,-t; in Nitvrgen at 1000°F

Sample Weight,
Sample Element grams Elemcnt Resistance,
Number Polarity Initial 2200 hours Inital 2200 hours

8 N 3.219 3.096 1020 . 21100 j.A-.

9 N 3.241 3.071. 1020 2375

132 P 3.110 2.8115 2150 6650

119 P 3.108 2.646 2150 56600

It can be seen that the magnit d•e l rhe wxight change is greater
that that observed for the encapsulated samples, probably due to a
greater amount of sublimat.,on. The-se samples w-re tested isothermally
at 1000°F, therefore a far greaLer ai:., vit of sublimation would be
expected than for a case whier e ,nLy tL.• i,.,t .•juntion would be at this
elevated temperature.

The magnitude of the resitnt-:• cf. ng,. 1o:.- tic. 'N" elements are com-
parable to those seen for the c'uaps.Ulalted samplus. Very large
changes for the "P" elements weL.! ob1cerved however.

A modification of this en,( a•,• ULtiL ,ttIj,-LL -,as examined during this
program. This modification con.s.ists .f m,.,etl.zing the hot junction
end of the isomica sleeve and J a_,zj.iyý-, tile 6htawve to the hot junction
metal conductor. This brltZ- seal is ,",titited for the cement end
seal. Sanmles of this contigla,,•tion X-.t'.t ptirepited and tested in an
air atmosphere. The brazed sja]. LiikL.d, apparently caused by some
corrosion mechanism, with subseqnint ,,xidation of' the thermoelement
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assembly. Additional samples were pr121),:ired using a Sauereisen cement
over the b~azed seal, again the resuilts wce'e negative. Additional
experimental work would enable understatiding of the braze seal corro-
sion mechanism so that corrective inesinsurEs could be taken and a satis-
factory encapsulation method dev].,J'ped. Dtia t. funds limitation this
additional work was not conducted during this p'i-gram.

Certain conclusions and reconmmenditions can be made relative to this
encapsulation study:

1. Oxidation protection in an air atmosphere was not provided
by the encapsulation techniques tested.

2. Sublimation protection is provided by the encapsulation
technique tested.

3. Resistance changes and weight changes in a nominally
oxygen free atmosphere were larger for bare than for
encapsulated samples. The use of the encapsulant is
therefore concluded to be beneficial in this atmosphere.

4. The encapsulation method tested, with further develop-
ment, may provide satisfactory protu• tjiu for thermo-
elements exposed to an atmosphere containing small amounts
of oxygen.

5. A metallized spray/brazing tcd sieal technique has some
possible merit for use in an aii. atm,,sphere. Additional
development work is required, ho-,ever,, to fully evaluate
this technique.
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S. HEAT TRANSFER STUDIES

A heat transfer test was ,',nd',cd ,.;:'. I t Jhis p'Jgram to deter-
mine the magnitude of extraneoli 1,4,[: lo.-;s in -,ii ili-line generator
module. Extraneous loss has bleci deuLiricd a- x-y heat transferred
from source to sink that does not pass thir;j'uh the thermoelectric
elements themselves and is, thereforu, nc;t av~hilable for conversion.
In the in-line configuration the extrarleLus LF, consists of all
heat transferred directly tl'.uIgh th.2 in'ulitin frorm hot to cold
fins as well as through the encloding ',Jli sh,,'n in Figure lb.

A model of an in-line modul t!s •wiistrated ftu, heat transfer test
purposes. This model consisted of thei.:i,.-elerTuint analogs, hot fins,
cold fins, thermal insulation, an (n-lsire, and temperature sensing
thermocouples. In order to sii:-,lify tab2,iation and operation
Nichrome wire analogs were used having a the-rmal conductance equal
to 0.25?? diameter by 0.2" long iLTe L.cr&.l..ncnts.

The model used three in-line thar7utu2le.:wnt and lin asseablies. EAc-h
assembly consisted of five thermocouples c:r 2) ther.moelements in sets
of two pnarallel elerr-nts. One suh uss•:rilv i.; illustrated in
Figure 1i.

The in-line assemblies wei-e inutirale in a i-a1m-i rpade of 010" thick
stainless steel. Gldss boinded ndca sh-eets were fAbricated to form
hot side and cold side seals. A ,h.it,,r•-.h of the assembly is
shown in Figure 15.

Temperature sensing thermncoupl.es w'.e iret-lb-d on several hot and
cold fins and on many (of te Nilauwm._, 4t ;nu!,gl. Two small size
sensors were installed on many _,f t-im e alugs and tK,_ spacing b(,tween
sensors was carefully mesurrLd.

Figure 16 is a schematic diag.,:,: , f 'e t Vt: ;.-.atuis. A well
insulated electrical heatLr Si.AiLd 01, t t i,;ii suitable heat
spreading plates to the hot fins. A 1J.r •,,lI cd coling air to
the cold fins.

The test was performed by adj',,tir', thc Al-( ri,..,il heater to give a
hot junction temperatuPe of apIr'a.•ir.it.iv 9sn°F and by adjusting
the blower velocity to give - ,ooLd .uncti ni tml-erature of' about
150°F. These hot and cold tJuji: ti(,n t,.7'Qritar.. were considered to
be the average of severa-l h'.ut tin d,•d ý,-%-•.Al cold fin temperature
readings. The syster! was tL n ,l.,r,'d to •td;i~i ~t for at least "I
hours before a set of re-iding,:w tb. i1. Af"tt ,;tl-bilizzation,
readings wer2 made of the Nihh1e;,', rni].,g ,.•,'ip-.,tuirps, the electri-
cal input power, and tue ,lie I, w.
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Using the temperature darti for t]:c Utu>Lceý,nt ;tnil1,s4s anti measure-
ments of their geometry it is 1),.';sih• c 1,, c J( ttldt, tile avera:,ýe heat
flow through each ei meuit. W1flij t hi:.. i.. - !7.itiplied by the
number of elements the total het f,;cilhl) , t:onve.-sion is deter-
mined.

The electrical powear juinto the hc tui a,-• -, ,und ioss,', r',m
the heater calculated. Theseý los-& s,.<e soi, :'red trom tie elez-
trical power into thi m,-,ditih . i t i., i ,, t t, : ct- heat avaihlble
for conversion to thre nt.t he.,t j .- A- :L J -es tile thermal
efficiency of the riodule dsign. A ,,:":W:: f test tuns wv'- made
and between 59 and 6W. o[ the hI,,t it t-." dl. ',.w av:,i [able 1(,r
conversiohi. When the heat emndLuted thiough tLi, ,alls of t0 ,on-
tainer (calculated from tempe.utu•vo r'tc stucrr~nt-) %,as subtracted
from the heat input to th' rm)dulc it dleve](oped t'ri t 6i to 8(f of the
heat was available for crrinv(rsion. iL,,.' (tf the heat input
was conducted through the therruii sl ±tn dit..cw'ti !x From the hot
to cold heat exchangers.

These results can be orn_,arcd to * I i•,,i .I ! i .king the follotw~ing

assumptions:

a) Thermal conductivity.k oi tlK. thk:-1-):IeC'tLXLC

elements = 1 Fru-it
h, aur -1 t 2 , 1

b) Thermal conduc-tivity, bi. ,A, t-ht t!,; -,.-.., in,,-ý!i tioni

used ir, n modules = .03t? t-,tit

e) Thermoelement t k , "'.fl.

d) Thermoele7!,: it- u_:& I.. . . t .i . ,-<iua
le'ngth -I'id t(*qj [-"it_! .!'2:A :At! t I~1 h't
flow availl I., : v ' A v -

1K (. .1g.)

so that for to-, t, -. i , ,, ' ,it the
total heat is ii. V ,. [h ,
to 69-8IT( • o ie t, .iu-1i". ,

Iv

I__
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6. MODULE FABRICATION AND TESTING

6.1 Concept Development

Designers of thermoelectric (cnvevt.•. .s utilizing g modules
have devoted considerable effort into introducing suffici-
ent compliancy into their designs ýo reduce or eliminate
thermoelement stresses caused by diffcential thermal
expansion. This compliancy, usually Laking the form of a
coil spring for each elemnnt, has always introduced seri-
ous thermal penalties and, sometir.,z's, serious electrical
penalties. Initial expex.iments demonstrated that some
form of compliancy was also required for an in-line
module As the following sec!tion _f this report will
demonstrate, however, compliancy can be introduced into
an in-line module with no thermal penalty and minimal
electrical penalties.

Two concepts have been developed for introducing compli-
ancy. In the fIrst, a compliant member shown in Figure
17, in the form of flexible copper braid was introduced
in the hot fin. This concept was designated hot junc'ion
compliancy. In the second the co,-..pliancy was obtained by
placinigsilicone rubber pads between the cold fins o±f
adjacent thermocouples. The electrical path between
'couples is maintained by a flexible copper wire soldered
to neighboring cold fins. This concept is illust-rated in
Figure ' cnd was designated cold jnmetion compliancy.

A brief performance i. st was completed on a three thermo-
couple module of tbk. h-t side r.o-.mpliancy design. This
module is shown in Figutae 17. Vhe module was installed in
the test apparatus of Figure i9. A lell jar enclosure
enabled a .idtrogen atmosphere to be maintained around the
thermoelements. The hot juinctions were heated to 900'F
with an electrical heater. The ,cold lins were immersed in
an oil bath and a heat exchangei, in thei bath was used to
maintain the cold junctions at the desired temperature of
300°F. Provisions were made ftm mea,-nwing junction temp-
eratures, the electrical t.esistance and the Seebeck voltage
of each thermocouple. The test was rim for a 72 hour
period, the sample u.is then removud so that a cold junction
compliancy module could be testePd. The test results are
given in Figure 20 which shows powc- output of each ot the
three thermocouplcs versus time. The power output decrease
in thermocouples I and 2 in the first 18 test hours was
caused by increases in the resistance of the positive thermo-
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element, an increase universally seen in these particular
elements early in high temp)eratutre life. The positive
thermoelement resistance generally tends to stabilize after
this increase. The power output deerease in these elements
seen later in the test was primarily due to a decrease in
the Seebeck voltage of the negative thermoelements. The
cause of this voltage decrease is believed to be thermo-
element contamination. The deurea.se in power output seen
between 48 and 70 hours for therm(ocouple. 3 was due to a com-
bination of both of the causes mentioned ub:.ve.

•N JA five couple cold junction ompliancy module was built and
r,- Ntested. The test apparatus is identical to that used for

testing the 3 couple hot junction compliancy module (des-
•I cribed above). At the time of writing this report the module

has been under test 1800 hours and subjected to 300 thermal
cycles. The performance test is still continuing.

The test results are given in Figii-es 21 and 22. The mean
operating temperatures were 830-330°F. The power output
decrease is about 25%. Figure 21 shows the curve of power
output versus time for the five couple module. It can be
seen that a significant decrease in output power occurred
after 150 hours of operation and a few thermal cycles were
imposed. This was caused by an increase in "N" thermoele-
ment resistance. It can be seen that a g-'ddual, slow
decrease in power output continued to the 1800 hour test
point. It is of interest to note that the entire power

I output decrease from 1100-1800 hiu.is was caused by a resis-
Z tance increase in one "N" elem~ent.
U

Figure 22 shows the Seebibck volt2 gr-( and resistance versus
time curves for- a typical the.To l. Note the relative
stability of all values except the "N" ele.yent resistance.

The test results , .,this fiv,2 coliuple module appear better
than tests performed in ,ux,* laborut,)ry with similar thermo-
elements in a i configuration. It is very possible that
the excellent compliancy obtained with the in-line concept
accounts for this superior pert,,jrm"ancý3.

A comparison between the t-wo cton,)ets was made. The advan-
tages and disadvantages of eath i; given in Table 6.1 below.
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TABLE 6.1

Hot Junction Compliancy

Advantages Disadvantages

The electrical resistance of the The te, ,er.atuxe gradient across
converter is not affected. the hot fin is increased.

Ea(2h bank of couples is supported
at its ends only and is similar
to a simply supported beam.

All elements in a row required
simultaneous soldering to their cold
fins.

Cold Junction Conpli':,,:

Advantages Disadvantages

A defective couple can be removed Atcut 2.-8"', internal iesistance
and replaced without affecting in.-e..ae (if the converter, (at
the neighboring couples. oj2rating tempe.atures), due to the

electri,•al ,:onnec tion between the
Each couple is individually sup- :les.

ported by its own hot fin, and is
similar to a multiply supported
beam.

No thermal gradient penalties ari!
imposed.

Although the two concepts exhibitd si.milar performance
it was disclosed by experinc.e: that. th'. ('o2d jumction com-
pliancy concept was superior to tVh .t o(I the hot junction
compliancy. In addition to the idv:,ntago.; mentioned in the
table 6.1 above, the manufa'tuving was easier, the reject
rate lower and the final :iusse-,,l'! .sirnj.ht, in the cold junc-
tion concept. Therefore, it wab di.:idod i.o build the
twenty couple module using the ctld J-.nction compliancy
concept.

6.2 Module Developme',t and Fau)r.i .:;ti ,n

A twenty couple rmndule h as beeon de.igutl and fabricated.
The module is show-i schen-atirrilly in Figzae 23. It con-
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sists mainly of an enclosing stru-ti.:u'e int,, which thermo-
couples, attached to a hot plate, w'rue pl;.ced. The cold
fins were protruding frorm t:he evi.losing structure, as can
be seen from Figure 211. A ,!oxver prtuting the ,:old tins
and serving as an air duiit c.,m(plt,:d t'he In-lin,r module.
The overall dimensions of the ,ntule rwere; lengtkh 5 7/8",
width 2 5/8, height 2 15/16. The sulpporting strueture

has the form of a tray and was Y-,r.ado Ivo7,i 0.00'" thick
stainless steel. Four threaded 'tsi.ds" wre s;)ldered to
the base of the tray to allow 1.)v t•hr- hot plate ind elec-
trical heater mounting.

[ The hot plate was made from 1/16" thi(ek stainless steel.
It had counter-sunk holes fur flat head screws. Each
thermocouple was attached to the hLt plate at the base of
its hot fin by means of a flat herid screw and a nut, as
can be seen from Figure 25. Car(- w:;..- taken to insure
uniform temperature distribution ýrcn4 the hot fins. This
was achieved with the use ,f a r•,qPe-wr'cnh whieh was
intended to provide an identic.atl (L,,nta(-t pressure between
the base of the hot plate and the hEt fin of each thermo-
couple.

The thermocouple itst.lf tonsistwd ,,i positive and nega-
tive polarity thermr) elernn ts, . "L" ap)ed copper hot fin.

two aluminum cold fins and a 1ttyihlP co[per wire soldered
to the cold fin, as shown in Figi't 2b. The pgsitive
polarity thernmelements used wi,-rc ef uniqu,, con'igliration
and have been develop-d jointly 'cneral Instrument
Corporation and the Elec:t-r.:,ni,' -nd Alloyz (, niny. The
negative polarit, thuern•m'm ,mt .;'-e.d wci_ of tw, types,
each having the saumc dimer. iv.-. '21-. fir.xr t t was a
rigidly bonded le(ad tullhtidv . L.:' .•t using
"Generalock"* Qolder. Tfl, s,;•... t'l.-* La lead tel-
luride and iron jow,-drr -p,,.s• I-ri Vkb i.icd tiernmo-
element. The negative d,- r,ý.,i ax " thermoelement
were attached to the: bct tin b, ti di. ithisioan b,,drids. The
aluminum cold fins Wut- S ,ld,:," J t t-I.., t lehents with
soft solder.

The thermocouple:, t' "' .- 'er ,'d H." - hl,,t olttt in four
rows. The thermuioupl, os:,. ' w. t .... 1 (* Lutrically in
series by flexible .,.r wiiws . Five._ :iu.'.-uocpes icon-
stituted a row. u',: 1o\,S ,Oit .ii ,Ji•idl- bond(ed lad

- * A proprietary technique -,I General I•i- tr'-ucnt Curpuration
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telluride negative polarity thermoelements, the other two
rows contained co-pressed negative polarity thermoelements.
Provisions were made for measuring the electrical resis-
tance and the Seebeck voltage of each row. Thus, the per-
formances of the two types of negative polarity thermo.-
elements could be evaluated and compared. Laminated mica
sheets (0.002?" thick) were placed between the base of the
hot fins and hot plate to provide the electrical insula-
tion. "Santocel" insulation filled the voids hetween the
thermocouples thus reducing eonve!tivQ and radiative heat
loss.

This stainless steel tray was sealed by an upper sheet,
through which cold fins protruded. All the voids between
the cold fins and the rubber were sealed with silicone
rubber adhesive.

A number of thermocouples were instru1mented to seise the
hot and cold side temperatures and were used to measure
voltages and resistances.

The total weight of the module including cold fins, hot
plate, thermoelements, instrumentation, etc. was 1.4
pounds.

-6.3 Module Testing and Performance

A schematic diagram of the test apparatus for the twenty
thermocouples in-line module is shown in Figure 27.
Heat was supplied to the modulo from an electrical
heater bolted to the bottom of the module. An electrical
guard heater was placed under the main heater- Vut
separated from the latter by a layer of thermal insulation.
Both heaters were surrounded by th,!rmal insulation.
Variacs were attached to each heater, thereby enabling
the independent control of the hl-,at input to each heater.
A photograph of the test aj,.partuis is given in Figure 28.
In order to measure efficiency the tMo heaters were main-
tained at the samp temperature, this minimized thermal
losses from the main heater. The heat input into the
module was determined by menstring the elei.trical power
into the main heater.

The output leads of thu module were eoniie.,ted to a variable
resistive load through a pruecision aummeter. Open circuit
voltage measurements wer" made, A'f the entire module and of
each row of five the.rm)couples using a precision potentiometer.
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The resistive load was varied to obtain a closed circuit
voltage, the open circuit voltage, and the current gave
the power output and the resistanc.e of the entire module
or a given row. Efficiency was determuined by measuring
the output power of the module ;ind the electrical power
into the main heater. A flowing nTitiroge- atmosphere was
provided for 6xidation protection.

The twenty couple module was test-,d omr 32 hours and five
therral cycles and then delivered to, the Engineering
Experiment Station at Annapolis, Maryland for further test-
ing. The test results are given in Figures 29 and 30.

Figure 29 shows the changes in outlput power, resistance
and Seebeck voltage for the entire twenty couple module.
Note that the Seebeck voltage and resistance both
decreab i, resulting in a decrease in power output
because power varies directly as the square of the Seebeck
voltage and inversely with resistance.

Figure 30 shows the changes in output power, Seebpck vol-
tage, and resistance for each of the four rows in the
module. Rows identified as 'B' and 'U', both usiog
co-pressed 'IN" PbTe thermroelements, decreased in resis-
tance and Seebeck voltage resulting in a net power output
decrease. Both of these banks were similar in performance.
Row A, which used "C-eneralock" soldered '"N" PbTe elements,
decreased in both Seebeck vultage and resistance and also
showed a power output decrease. Row C, which had
"Generalock" suldered '"N" PbT,.• thcrmoclements, decreased in
Seebeck voltage, resistance and, tt7refore, power output to
a considerably lesser extent than the other rows.

The shape of the ourve., ot powev output foi the entire
module and the individual rows indictites a possibility
that more constant oi,', utntput will result when more test
hours are imposed.

Measurements were madd of thnw Sceb+0k vwltage of five "P1
thermoelements diu-ing thc! test. These measurements showed
that the Seebeck voltage of all Live of these elements
Ln¢�.geed with time. If these five eleme:nts are typical
of all twenty, and there i. no vason to expect that they
are not, then it is concluded that !he serious decrease in
Seebeck voltage of the m-,nc!le i'i entirtly attributable to
the "N" thermoelements. Resistance measurements on these
five elements also suppit a .sinilar argument to the effect
that the module resistance: decrease was also entirely atfri-
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butable to the "N" thermoelement,;. This is consistent with
observations previously made for' "N" elements in both
individual element and murLti-CouLiC r•;odi'.e testing. In the
past, however, we h;.d observed this behavior only in iso-
lated cases while in the twenty eoople in-line module most,
if not all, of the 'IN" thermoelements exhibited this poor
performance.

The expct cause of the poor behavior of the "N" elements is
not well understood this time. There is strong evidence
that the cause is not electrical shorting. It is possible
that the elements are being contaminated in some manner,
probably oxidation. It is also possible that sublimation
is causing tV 2 poor performance since no encapsulation was
"used.

In previous tests this poor performance of the "N" thermo-
elements usually tended- to stabilize early in life and in
some cases even tended to improve. This is a possibility
for the twenty couple in-line module.

An efficiency test of the module was conducted early in
the test program and effiwiency of 2.8-3.9/ was measured.
This efficiency is defined as electrical power out divided
by electrical pow'er into the main heater. This efficiency
conforms closely to prior expectation.

The initial power output also conformed closely to our
prior calculations but it must- be pointed out thdt there
was a serious temperatiu'e distriblution problem within the
module that rediuced the p(bwol output considerably below
that theoretically possible. Thtu highest hot jtunction
temperature differred from th- l,,,:e.st hot junction temp-
erature by 100°F. A sirdlar l'10F dif.erence obtained at
the cold junction. If thesu di t ierences were reduced by
improved design to 20'F the powur t.utput would increase
by approximately 3t%. This problem of adverse temperature
distribucion is one thit is (.onfsidtn'ed solvable by addi-
tional engineering developr.ont.

1.
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7. S Y. CONCLUSION AND RECOMMENDATIONS

Three basic areas of thermoelectric generator technology were inves-
tigated in the first phase of this program; bonding of positive
polarity lead telluride, encapsulation of lead telluride and the
heat transfer problems related to an "in-line" module. Bonding
studies of T'P PbTe thermoelements indicated that further develop-
ment effort is required to obtain a method giving low junction
resistance and not causing stress induced cracking of the thermo-
element. Of the methods studied the only promising results were
with "Metallic Rich" Lead Telluride* which; while stress induced
thermoelement cracking was not observed, suffered a serious
decrease in Seebeck coefficient as a function of operating time.
If this problem could be overcome then this material could provide
useful 'PI thermoelements.

The very limited development effort devoted to encapsulation demon-
strated that the glass bonded synthetic mica/cement end seal encap-
sulant, while satisfactory in an inert atmosphere, did not provide
thermoelement oxidation protection. An interesting variation of
this encapsulant, which consisted of metallizing the synthetic mica
sleeve to allow it to be brazed to a metal conductor, was tested
with negative results. The reasons for the failure are obscure, so
that it is possible that further development could yield a useful
encapsulation method.

A simulated convertor was built and tested to arrive at an approxi-
mate value of module thermal efficiency, i.e., what percentage of
the total heat input to the module is available for conversion and
what percentage is extraneous loss. Test results indicated that
60-70% of the heat input to the module is available for conversion.

These three prelimina'-y investigations defineu a state-of-art upon
which the design of an "in-line" convertor module could be based.
This module consists of negative and positive** thermoelements, a
finned cold junction heat exchanger, an element mounting plate and
associated hot junction heat conductors, a conpliancy mechanism, a
sealed enclosure and associated instrumentation.

Small scale experimental meodels incorporating different compliancy
methods were fabricated and tested. One of these models, consist-
ing of five thermocouples and a cold junction conpliancv technique,

* Vendor Designation, Minnesota Mining and Manufacturing Conpany

"**Positive polarity thermoelements of unique configuration,
developed by Electronics and Alloys, Inc. of Ridgefield, N. J.,
were used for module fabrication
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was tested in a nitrogen atmosphere in a 930-300 F thermal gradient.
A power output of approximately 0.5 watts per thermocouple was
obtained and a power output decrease of only 25% was observed after
operation for 1800 hours and 300 thermal cycles. A cycle consists
of changing the hot junction temperature from 900 F to 400 F and
back to 900 F.

An "in-line" module was fabricated and tested which consisted of
twenty thermocouples, cold junction heat exchanger, enclosure, etc.
and weighed 1.4 pounds. The power output obtained in a 900 F to
350 F average thermal gradient is approximately ten watts at 3%o
overall efficiency.

Based on the experimental work performed during the course of this
program certain conclusions can be drawn:

1. Positive and negative polarity bonded thermoelements are
available which can be operated in a useful temperature
gradient and a protective atmosphere for many hundreds
of hours without serious degradation.

2. These thermoelements can be fabricated into modular
assemblies at a negligible rejection rate.

3. Compliancy, required to avoid thermally induced stresses,
is readily introduced into an in-line module without
any serious performance or weight penalty.

4. The method described in this report for enclosing
"in-line" thermocouples in the module assembly to pre-
vent oxidation is imperfect. That this problem is
susceptible to engineering development appears probable.

5. The "in-line" concept, with additional development,
can be used to fabricate relatively light weight,
stable thermoelectric modules. The original expecta-
tion of high perfDrmance, truly light weight thermo-
electric generator modules was not achieved, however.
It is now evident that either thermoelements that can
1e operated in air or an encapsulant offering protec-
tion in air must be developed before this expectation
can be achieved.

6. During the course of this program it became evident
that the "in-line" concept would be of value in a
Peltier heat pumping application. This is especially
true since the temperature levels involved are such
that oxidation is not a problem.

Unless oxidation resistant modules or suitable encapsulants are
developed, the only way in which the in-line configuration can

I.
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be utilized is in a manner similar to the twenty thermocouple module
described in this report. If this is to be done then further
development effort is recommended:

1. Improvement of the tenperature distribution dt both the

hot and cold junctions of the module is required.

2. Additional design and development oi the enclosure so
that the module can be sealed and yet withstand varia-
tions in internal pressure.

3. Modifications of the hot fin mounting plate for direct
use of convective heat transfer from the exhaust of a
fossil fuel burner.

4. Investigation of the cause of the decrease in 'N'
thermoelement Seebeck voltage observed in the twenty
thermocouple module.
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